Methylene blue (MB) and rhodamine B dyes (RB) were degraded from water using zirconium oxide (ZrO 2 ) and zirconium oxide/graphene composites (ZrO 2 /GR) as photocatalyst. The photocatalytic efficiency was calculated from absorption spectra obtained using UV-visible spectroscopy. It has been observed that photodegradation time as well as photocatalytic efficiency increase with the concentration of catalyst up to a certain limit after which effect was reversed. The degradation was studied as a function of pH also. It was found that photocatalytic efficiency was more in alkaline medium than acidic medium. Degradation of RB takes place at higher value of pH as compared to MB. The degradation time for MB was 1 h using ZrO 2 which get reduced to 32 min using ZrO 2 /GR composite and for RB it reduced to 40 min (using ZrO 2 /GR) from 80 min (ZrO 2 ).
Introduction
The synthetic dyes used by textile, food, plastic, paper, printing, pharmaceutical and cosmetic industries are cheaper, brighter and easy to apply. These bright colored dyes changed the face of the world but the chemicals used to produce dyes are often toxic, carcinogenic or even explosive thus from environmental point of view these are undesirable (Lachheb et al., 2002) . As synthetic dyes have good solubility in water, so these are common water pollutants and harmful of aquatic animals and plants. Thus it is necessary to eliminate dyes from water before it is discharged into water bodies. There are various types of conventional methods used for this purpose but with lots of limitations like operating cost, non-biodegradable end products, time consuming, etc. (Robinson et al., 2001; Ma and Yao, 1998) . Kim et al. (2002) observed that the treatment of insoluble dyes from wastewater using conventional adsorption method is not possible. The coagulation method which is effective for treatment of insoluble dyes from wastewater is not so effective for soluble dye (Anjaneyulu et al., 2005) . So, advanced oxidation process gets attraction because of its capability to degrade azo dyes completely but at the cost of money (Kang et al., 2000; Kuo, 1992) .
Thus cost effective photocatalysis process has become the center of attraction for researchers because of its advantages like biodegradable and non-toxic end products. In photocatalysis process when light of suitable energy falls on photocatalyst the generated electron hole pair participates in the reaction. To favor photocatalysis the recombination of electron hole pair must be avoided, so large band gap materials are desired. You-ji and Chen (2011) studied the degradation of rhodamine B dye using nanocrystalline TiO 2 -zeolite catalysts. Changchun et al. (2011) studied the degradation of methyl orange using ZnO. There are lots of materials that are used as a heterogeneous photocatalysts like SrO 2 (Neppolian Choi et al., 2002) , WO 3 (Carcel et al., 2011) , Fe 2 O 3 (Sharma et al., 2014) , ZrO 2 , CdS, SrTiO 3 (Shuang et al., 2008) and ZnS (Alemseged et al., 2013) for removal of different types of dyes and contamination from wastewater.
The efficiency of photocatalysis can be enhanced by using photocatalyst of larger surface area. Carbon nanotubes (CNTs) were used with catalyst to increase the surface area (Sang et al., 2008) . But after the discovery of graphene in 2004 it overtake the CNTs, because of its exciting properties like larger surface area (Stoller et al., 2008) , high electron mobility (Bolotin et al., 2008) and non-solubility in water. Many scientists have studied the synthesis of TiO 2 -graphene composite for the degradation of dyes and other contamination from water Huang et al., 2012; Wang et al., 2012) . Graphene has been used to enhance the photocatalytic activity of ZnO, NiO, Fe 2 O 3 , Cu 2 O, MnO 2 and SnO 2 (Bolotin et al., 2008; Morishige and Hamada, 2005) . Previous results indicate that TiO 2 , using graphene as a support, is a good material for removal of dyes. But TiO 2 is costly and has side effects as it is soluble in water. Zirconium and titanium are fourth group elements. But oxide of zirconium, zirconium oxide (ZrO 2 ), is insoluble in water unlike TiO 2 . These properties make ZrO 2 a preferred choice for our work.
ZrO 2 is a semiconductor material that exists in three forms tetragonal, monoclinic and cubic (Rani et al., 2014a) . It has band gap in the range of 3-5 eV depending on the preparation method. The most frequent accepted value is 5 eV, with the conduction band potential of −1.0 V vs. normal hydrogen electrode at zero pH. The wide band gap and high negative value of conduction band potential allowed its use as a photocatalyst in the production of hydrogen in water decomposition (Emeline et al., 1998; Silvia et al., 1999) . Further the photocatalytic degradation can be enhanced by adding graphene to it as a supporting material. In our previous work zirconium oxide/graphene (ZrO 2 /GR) composites were used to remove methyl orange (MO) dye from wastewater and monoclinic phase of ZrO 2 was found to be more photoactive (Rani et al., 2014a) . On the basis of that study monoclinic ZrO 2 (1000 • C) having 8.3% of GR (ZrO 2 /GR) composites are used to remove methylene blue (MB) and rhodamine B (RB) dyes. MB and RB are water soluble dyes used in textile, printing, pharmaceutical and food industries Huang et al., 2012) . Both dyes have serious health impacts. Effect of parameters such as amount of photocatalyst concentration and effect of pH on degradation is studied.
Experimental

Materials
Graphite powder (purity 99.99%), sodium nitrate (99.0%), sulphuric acid, potassium permanganate (99%), hydrogen peroxide (H 2 O 2 ), hydrochloric acid and hydrazine hydrate were purchased from Rankem RFCL Pvt. Ltd., India. Zirconium oxychloride hydrate (ZrOCl 2 ·8H 2 O) was purchased from Sigma Aldrich Pvt. Ltd., India. All chemicals were used directly as received and stock solutions were prepared by using deionized water. MB (C 16 H 18 N 3 SCl) and RB (C 27 H 29 N 2 NaO 7 S 2 ) used as dyes in the photocatalytic experiment were purchased from LOBA Chemie Pvt. Ltd., Mumbai, India.
Preparation of ZrO 2
ZrO 2 powder was prepared by combustion method. To prepare ZrO 2 powder, ZrOCl 2 ·8H 2 O was dissolved in DI water and zirconium hydroxide was precipitated by addition of ammonium hydroxide (maintaining constant pH at 10.5) while stirring. The resulting mixture was filtered and washed with hot distilled water several times. Finally, the filtered paste was kept in oven at 100 • C for 12 h followed by calcination at 1000 • C for 2 h in furnace.
Synthesis of ZrO 2 /GR composite
Graphene oxide (GO) and ZrO 2 were used as a precursor for synthesis of ZrO 2 /GR composites. To obtain GO, graphite oxide was prepared by using Hummers method (Hummers and Offeman, 1958; Rani et al., 2014b) . Subsequently graphite oxide was ultrasonicated for 1 h in 100 mL DI water and centrifuged at 4000 rpm for 20 min. The solid product (GO) was dried in air. The synthesized ZrO 2 (1.64 g, 0.1 mol) was dissolved to 100 mL DI water. GO (150 mg) and hydrazine hydrate (10 L, 0.2 × 10 −3 mol) were added to it. Hydrazine hydrate reduced the GO to GR. The mixture was refluxed in optimized conditions i.e. at 130 • C for 36 h. After refluxing the solution was filtered and washed with DI water and kept in oven at 80 • C for drying to give 8.3% weight fraction of GR in ZrO 2 (Rani et al., 2014b) .
Preparation of dye solution
Solutions of MB and RB were prepared by dissolving 4 mg of dye in 500 mL of DI water. In 100 mL dye solution, the different amount (0.1 g/L, 0.3 g/L, 0.5 g/L or 1 g/L) of catalyst (ZrO 2 or ZrO 2 /GR) was added and kept under UV radiation. Photodegradation was studied at different intervals of time using UV-visible spectroscopy.
Characterization
The crystal phase was characterized by X-ray diffraction (XPERT-PRO diffractometer (45 kV, 40 mA) equipped with a Giono-meter PW3050/60 working with Cu K ␣ radiation of wavelength 1.5406Å in the 2θ range from 5 to 80 • ). UV-visible spectroscopy was carried out by using a LAMBDA TM 650 UV/vis/NIR spectrometer (Perkin Elmer, Inc., Shelton, CT, USA). TEM characterization was carried out using Tecnai 200 kV TEM (Fei, Electron Optics) Transmission Electron Microscope equipped with digital imaging and 35 mm photography system.
Results and discussion
XRD patterns of graphite, GO and GR are shown in Fig. 1a . The strong and sharp peak at 2θ = 10.56 • corresponds to the GO (001). Interlayer distance of GO (8.37Å) is greater than graphite (3.36Å). The larger interlayer distance of GO might be due to the formation of oxygen-containing functional groups such as hydroxyl, epoxy and carboxyl (Tong et al., 2011) in graphite. From the XRD pattern of GO, it was observed that the graphite powder was oxidized to GO. In the XRD pattern of GR the peak corresponding to GO at 2θ = 10.56 • is completely disappeared. It confirms that the oxygen-containing functional groups of GO could be completely got rid off by reduction through hydazine hydrate (Gao et al., 2009 ). The shift in the peak of graphite from 26.4 • to 25.11 • is due to the short-range order of stacked layers. The interlayer distance of GR is 3.54Å larger than graphite (3.36Å) due to remaining oxygen-containing functional groups. XRD patterns of ZrO 2 and ZrO 2 /GR are shown in Fig. 1b On the other hand in ZrO 2 /GR these peaks shifts slightly from there position due to interaction of ZrO 2 with GR. The peak corresponding to cubic phase is disappeared. So the monoclinic phase has been increased by the addition of GR in ZrO 2 . The amount of monoclinic phase in pure ZrO 2 powder is calculated by peak area of the monoclinic peaks (111) and (111) vs. cubic peak (111) using equation (Benedetti et al., 1989) : The crystalline size of ZrO 2 powder was calculated using Debye-Scherrer formula:
where D is the average crystallite size, K = correction factor (0.9), λ = 0.154 nm wavelength of Cu K ␣ , β the peak width and θ the peak angle.
The crystalline size of ZrO 2 is calculated to be equal to 45.3 nm and for ZrO 2 /GR it is 33.9 nm. Interaction between ZrO 2 and GR is verified using Raman analysis. ZrO 2 has 18(9A g + 9B g ) Raman active modes for the monoclinic phase according to the factor group theory (Damilola et al., 2010) . Raman spectrum of ZrO 2 shows monoclinic peaks corresponding to A g at 177 cm −1 , B g at 333 cm −1 , B g at 381 cm −1 , A g at 475 cm −1 , A g at 558 cm −1 and A g at 637 cm −1 as shown in Fig. 2 . In ZrO 2 /GR D band is observed at 1345 cm −1 as compared to GO where D band has been prominent at 1353 cm −1 (not shown in figure) . G peak at 1579 cm −1 and second-order two-phonon mode corresponding to GR at 2167 cm −1 suggest interaction between GR and ZrO 2 . Small shift in the ZrO 2 peaks of ZrO 2 /GR is due to the interaction between GR and ZrO 2 . The I D /I G is 1.05 for ZrO 2 /GR composite suggesting efficient interaction of GR with ZrO 2 .
TEM images of the materials are useful to give information about the particle size and shape. Aqueous dispersion of GO, GR, ZrO 2 and ZrO 2 /GR was used for TEM analysis. As shown in Fig. 3a , the GO nanosheets have wrinkles at several places arise due to various defects and functional groups carrying sp 3 hybridization which are introduced during the oxidation process. In general, GO nanosheets tend to be assembled with each other and forms multilayer agglomerate. TEM image of GR shows 2 or 3 layers of GR bend on each other as shown in Fig. 3b. Fig. 3c shows the image of ZrO 2 nanoparticles having particle size less than 100 nm. But in ZrO 2 /GR the particle agglomerate on GR and particles of size up to 200 nm were observed as shown in Fig. 3d. 
Photocatalytic analysis
The photodegradation of MB and RB dyes was studied using the different amount of catalyst and for different value of pH. Firstly, controlled experiment was performed under UV light in the absence of catalyst and it was observed that slow photodegradation of dyes took place. This may be due to the self-fading of the dye but this takes very long time (1 h 48 min for MB and 1 h 30 min for RB) and efficiencies were also poor.
Effect of catalyst concentration on degradation of dyes
The degradation of MB and RB was found to be catalyst concentration dependent. To study the effect of concentration the experiment was carried out between 0.1 g/L and 1 g/L concentration of catalyst. Photodegradation efficiency is calculated by (Emeline et al., 1998) :
where A 0 is the initial concentration of dye and A is the concentration of dye at any time t.
As shown in Fig. 4 it is observed that degradation efficiency increases with increase in the concentration of catalyst up to 0.5 g/L and after this the effect is reversed. Degradation time of MB was reduced from 108 min (absence of catalyst) to 60 min with ZrO 2 (0.5 g/L in the dye solution). As shown in Fig. 4a if the concentration increases beyond this the degradation is found to be decreasing. This may be due to the fact that the particles start to agglomerate on the surface and light does not reach to dye solution efficiently. Also excess of catalyst prevents the formation of -OH radical essential for photodegradation (Asiltürka et al., 2006) . Degradation time is reduced further using ZrO 2 /GR as a catalyst. It was found that catalyst dependency of ZrO 2 /GR is same as that of ZrO 2 but the degradation occur faster in case of ZrO 2 /GR as shown in Fig. 4b . The higher degradation of MB occurs in 32 min with ZrO 2 /GR (0.5 g/L) at pH 10 as shown in Fig. 5c as compared to ZrO 2 which degrade MB in to 60 min with less efficiency as shown in Fig. 5a . It is also observed that pattern of degradation of dyes remain same if pH of solution is changed. That is degradation time goes on decreasing with increasing the concentration up to 0.5 g/L and after this concentration degradation time increases. Similarly for RB the removal rate is increased with increased in the concentration of catalyst up to 0.5 g/L and than decreases. As shown in Fig. 5b the RB degraded in 80 min with ZrO 2 and in 40 min with ZrO 2 /GR as shown Fig. 5 . The % photocatalytic degradation curves (a) for MB degradation at pH = 10 using ZrO 2 as a catalyst, (b) for RB degradation at pH = 11 using ZrO 2 as a catalyst, (c) for MB degradation at pH = 10 using ZrO 2 /GR as a catalyst and (d) for RB degradation at pH = 11 using ZrO 2 /GR as a catalyst. Fig. 6 . Absorption spectra of MB and RB using 0.5 g/L ZrO 2 /GR as a catalyst.
in Fig. 5d as a catalyst at pH of 11 for 0.5 g/L concentration. The absorption spectra of degradation MB and RB using ZrO 2 /GR (0.5 g/L) are shown in Fig. 6 and corresponding variation in the color of dyes with degradation is shown in Fig. 7 .
It is found that photodegradation efficiency depends upon the catalyst concentration. As shown in Fig. 5a MB degraded up to 84.6% for 0.5 g/L whereas it degraded up to 55.89% for 0.1 g/L concentration of ZrO 2 at pH 10. The RB degraded up to 88.5% for 0.5 g/L concentration ZrO 2 as shown in Fig. 5b as compared to 0.1 g/L for which it degraded up to 63.2% at pH 11.
Effect of pH
In photocatalysis, the pH value is the important factor influencing the rate of degradation. The photocatalytic degradation of MB and RB was investigated as a function of pH in the range of 3.0-12.0. The strong effect of pH on the photodegradation efficiency of MB and RB solution was observed. The highest dye removal rate was obtained at pH of 10 and 11 for MB and RB respectively as shown in Fig. 8 . For further increase in pH the degradation efficiency decreases. This observation indicates that efficient degradation of RB needs more basic solution as compared to MB. It is also observed that degradation is faster in alkaline medium as compared to acidic medium for both dyes. This phenomenon may be explained in terms of charge on ZrO 2 . As ZrO 2 particles are either positively or negatively charged depending on the value of pH (Jelena et al., 2013) . The point of zero charge (pzc) of ZrO 2 sample was reported as pH 5.5. This means if pH < pH pzc , the surfaces of ZrO 2 particles are positively charged and if pH > pH pzc ZrO 2 particles are negatively charged. As MB and RB are basic dyes and these produce cations in water so catalyst (ZrO 2 or ZrO 2 /GR) repels MB and RB particles in acidic medium. Hence degradation was less in acidic medium. On the other hand in Fig. 8 . The % photocatalytic degradation curves of MB and RB with time as a function of pH (a) for MB dye using ZrO 2 , (b) for RB using ZrO 2 , (c) for MB dye using ZrO 2 /GR and (d) for RB dye using ZrO 2 /GR. basic medium catalyst is negatively charged so adsorption becomes possible and hence degradation rate is enhanced. Also in the alkaline medium the generation of OH radicals is easier hence degradation rate increases.
Effect of GR
To enhance the photocatalytic degradation efficiency of ZrO 2 , GR can be used because of its high surface area. The high surface area of GR provides more efficient absorption of light so that the generation of OH radical become faster. Thus photocatalysis reaction is enhanced because of high oxidation potential of OH radical. Additionally the electrons produced during photocatalysis reaction are transferred to GR. So electron hole recombination is stopped and photocatalyst reaction rate is further enhanced. As shown in Fig. 5 (c) and (d) the photodegradation efficiency is more for ZrO 2 /GR catalyst as compared to ZrO 2 . Also the degradation occurs in less time than that for ZrO 2 . The degradation efficiency for ZrO 2 (at pH 10) for 0.5 g/L for removal of MB was increased from 84.6% to 98.1% when ZrO 2 was replaced with ZrO 2 /GR. As shown in Fig. 5(b) and (d) for removal of RB it increased from 88.5% (ZrO 2 ) to 99% (ZrO 2 /GR). Thus it can be concluded that addition of GR in ZrO 2 results in the enhancement in the photocatalytic properties of ZrO 2 . The removal of RB (99%) is occurred more efficiently than MB (98.1%) and previously studied MO (98%) (Rani et al., 2014a) . Degradation efficiency is almost same for all dyes but the degradation take place in 32 min in MB, 40 min in RB and 45 min in MO (Rani et al., 2014a) . Thus it can be concluded that ZrO 2 /GR can remove the dyes more efficiently than ZrO 2 . The degradation of RB occurs in less time (40 min) using ZrO 2 /GR composite as compared to nano-TiO 2 (60 min) used by Asiltürka et al. (2006) to remove RB from water. MB degradation was fastest among the three dyes. In comparison of MO, the degradation of MB and RB was easier as there is no requirement of continuous supply of oxygen or addition of hydrogen peroxide to remove excess electrons from the surface.
Conclusion
The photocatalytic degradation of MB and RB by ZrO 2 is enhanced by addition of graphene. It was found that the degradation rate and degradation efficiency increases with the concentration of catalyst up to a particular value (0.5 g/L). The degradation of MB and RB is more in alkaline medium as compared to acidic medium. The degradation efficiency was found to be increased up to 98% for MB and 99% for RB using ZrO 2 /GR composite. Hence, study reveals that a particular concentration of ZrO 2 /GR composite degrades MB and RB almost completely. Thus ZrO 2 /GR composite can be used for water purification without any side effects as it is insoluble in water and hence can be recovered also.
